ABSTRACT
M
ultiple sclerosis is a chronic inflammatory disorder of the central nervous system. Typically, focal white matter lesions are regarded as a hallmark pathologic finding. These lesions, however, show a limited correlation with clinical findings. [1] [2] [3] Instead, brain-tissue loss shows a stronger correlation with disease progression, especially in a later stage of the disease. [3] [4] [5] [6] [7] [8] [9] The key for the practical, clinical application of brain-tissue volume measurements is an automated, fast method that can be integrated into the clinical workflow. Numerous automated methods exist for this purpose, generally based on conventional T1-weighted, T2-weighted, and FLAIR images or a combination thereof. In these methods, tissue is classified on signal-intensity differences in the images where each pixel can be assigned to 1 specific tissue type [10] [11] [12] [13] [14] [15] or multiple tissue types such that partial volume effects are accounted for. [16] [17] [18] [19] The latter method is advantageous because it decreases the dependency on image resolution. Despite the obvious benefits, brain volumetric measurements are not widely used in clinical practice. One of the main difficulties is that the image intensity of the input images can vary sub-stantially due to scanner configuration and examination parameters 20 and age-or disease-related tissue changes, 21, 22 leading to differences in classification. Second, extensive manual interaction of the postprocessing software or long processing times may be required, which may lead to hours or even days of lag time to retrieve the volumetric information. 23 A complicating factor for automatic segmentation methods is the use of contrast agents. Gadolinium (Gd) contrast agent is generally administered to patients with MS to highlight any damage to the blood-brain barrier, indicating inflammatory lesions and helping to stage disease evolution. Leakage of Gd into brain tissue strongly reduces the T1 relaxation, resulting in hyperintensity on T1-weighted images. Even in the absence of leakage, the presence of Gd in the capillary network of the brain parenchyma may slightly reduce T1 relaxation of the brain tissue, which could have a secondary effect on automated tissue-classification methods. This effect may even vary with the amount and timing of contrast administration.
In this work, the synthetic tissue-mapping (SyMap) method, which previously reported on measurements of the intracranial volume (ICV), 24 the brain parenchymal fraction, 25 and all tissue fractions, 16 was evaluated for brain-tissue measurements in patients with MS with and without the presence of a Gd contrast agent. The method is based on quantitative MR imaging to measure the longitudinal relaxation time, T1; the transverse relaxation time, T2; and proton density. 26 The procedure does not generate conventional MR images but maps of physical parameters that directly reflect tissue properties. Such a quantitative measurement removes a large number of dependencies of MR imaging scanner settings and imperfections. 27 The method includes a fully automatic postprocessing software, to calculate the white matter volume (WMV), gray matter volume (GMV), cerebrospinal fluid volume (CSFV), the remaining, unclassified non-WM/GM/CSF tissue volume within the ICV (NV), brain parenchymal volume (BPV), and ICV on the basis of the measured T1, T2, and PD maps. The total postprocessing time is Ͻ1 minute, which makes it appropriate for routine clinical purposes. The aim of this study was to evaluate the use of synthetic tissue-mapping for the measurement of WMV, GMV, CSFV, NV, BPV, and ICV in patients with MS pre-and post-Gd. In addition, the brain-tissue fractions of WM, GM, CSF, remaining, unclassified non-WM/GM/CSF tissue, and brain parenchyma, normalized against the ICV, were evaluated. The repeatability of the automatic brain segmentation was assessed by measuring the controls twice.
MATERIALS AND METHODS

Subjects
The study included a group of 20 patients (5 men, 15 women; mean age, 47 Ϯ 12 years) diagnosed with clinically definite MS based on clinical presentation and laboratory findings. All patients fulfilled the Poser criteria with at least 2 relapses, separated in space and time. 28, 29 The mean Expanded Disability Status Scale (EDSS) score 30 for patients was 3.8 Ϯ 2.3 (median, 3.5; range, 1.0 -7.5). EDSS is a method of evaluating the degree of neurologic impairment in MS, scoring 8 functional systems, resulting in steps of 0.5 from 0 (healthy) to 10 (death due to MS). The mean disease duration was 15 Ϯ 11 years. No differentiation was made between types of MS, and the group consisted of 12 patients with relapsingremitting and 8 with secondary-progressive MS. One patient was excluded from the analysis due to severe MR imaging receive coil signal-intensity problems. The study was part of routine follow-up examinations. For comparison, a group of 20 age-and sex-matched healthy controls was included (5 men, 15 women; mean age, 48 Ϯ 12 years). The mean age difference compared with the MS group was 0.7 Ϯ 2.7 years. The study was approved by the Regional Ethics Committee (reference number Dnr M88 -07), and written informed consent was obtained from all participants.
Scanning Protocol
The MR imaging quantification method QRAPMASTER (also known as Qmap) 26 was performed to simultaneously retrieve the T1 and T2 relaxation and proton density. The sequence was a multi-spin-echo saturation recovery sequence with 4 saturation delays and 5 echoes. Hence, the sequence produced a matrix of 4 ϫ 5 ϭ 20 images per slice with the combined effects of T1 and T2 relaxation in the image intensity. 
Image Postprocessing
The raw data were analyzed with the SyMRI 7.0 software (Synthetic MR, Linköping, Sweden) to retrieve the T1, T2, and PD maps. These maps were used as input for the automatic brain segmentation in the same software. In summary, WM, GM, and CSF tissue clusters and mixtures thereof were recognized as specific combinations of T1, T2, and PD values, as previously reported. 16 The total ICV comprised all recognized WM, GM, and CSF, for which a region-growing algorithm ensured a contiguous volume. The border of the ICV was refined to set the threshold at PD ϭ 50%, by using the definition of the tissue interface between CSF (with visible PD ϭ 100%) and bone (with visible PD ϭ 0%). The ICV was automatically cut at the base of the skull. The sum of all WM, GM, and CSF partial volumes inside the ICV provided the WMV, GMV, and CSFV, respectively. The BPV was defined as the ICV minus the CSFV. The region-growing algorithm leads to the inclusion of volume that does not match the defined WM, GM, or CSF characteristics within the ICV. This remaining tissue was labeled the non-WM/GM/CSF volume, comprising unspecified tissue such as blood vessels, motion artifacts, or pathologic tissue. Normalization with the ICV resulted in the white matter fraction, gray matter fraction, CSF fraction, the non-WM/GM/ CSF fraction, and the brain parenchymal fraction. The software did not have a standard brain or any atlas-driven models; tissue was segmented on T1-T2-PD characteristics only. Loading all raw data from a PACS required 20 -30 seconds, and calculating the T1, T2, and PD maps with subsequent seg-mentation of the brain was performed within 10 -20 seconds. A standard 64-bit PC with 6 gigabytes of RAM was used.
Statistics
For the WMV, GMV, CSFV, NV, BPV, and ICV and for WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction, the mean value and SD were calculated for each measurement.
Linear regression was used to analyze the relation of the volume and fraction values to age. The results from the regression analysis of the controls were used to correct the values of the patients with MS for age. Linear regression with EDSS was then performed as a separate step. A Shapiro-Wilk test was applied for normal distribution. A paired t test was performed to find the significance of the difference between measurement 1 and measurement 2. A 1-way ANOVA with post hoc Tukey analysis was used to assess group differences between controls and patients with MS.
RESULTS
Typical results of the segmentation software on 3 of the 30 acquired slices are shown in Fig 1. An axial slice of the head of one of the patients with MS (a 39-year-old woman; EDSS ϭ 4.0) is displayed. In the left column, the T2-weighted images are shown for comparison. On the right, the calculated WM, GM, CSF, and non-WM/GM/CSF partial volume maps are displayed as a color overlay in which the color intensity corresponds to the partial volume in the range between 0% and 100% tissue. The red line indicates the border of the ICV. The mean ICV of all subjects at the first measurement was 1387 mL, with an SD of 110 mL (7.9%). White matter lesions mainly show up as the remaining non-WM/ GM/CSF but are partly recognized as GM and CSF. Radiologic inspection showed that no patient had Gd-enhancing lesions.
In Table 1 , the results of the fully automatic tissue volume measurements are shown for WMV, GMV, CSFV, NV, BPV, and ICV. No statistically significant difference was found between the 2 measurements for all volumes of the control group. The differences for the patient group were much larger; a significant reduction of the ICV of 13 mL and of the CSFV of 16 mL was observed as patients were exposed to Gd. The differences in BPV, WM, and GM were not significant, but the ratio of WMV and GMV changed toward higher WMV. Visual inspection did not result in locating a specific area in which differences in volumes were pro- nounced. The observed differences were distributed over all slices and ranged between 0 and 1 mL per section. Between the control and patient groups, large volume differences were observed. The mean BPV was 126 mL smaller for the MS group, similar to the total mean WMV difference (129 mL). The CSFV was significantly larger for patients, with a mean difference of 91 mL. In addition, the remaining NV was larger (24 mL).
In Table 2 , the normalized tissue fractions of WM, GM, CSF, remaining, unclassified non-WM/GM/CSF tissue, and brain parenchyma are shown. Again only small differences were observed for the control group. For the MS group, on the other hand, the WM fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction increased, whereas the GM fraction and CSF fraction decreased after Gd administration. The changes in CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction were significant. When one compared the 2 groups, a significant difference in WM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction between the controls and the patients with MS was observed. The differences between the 2 groups are visualized in Fig 2, where the normalized WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction measurements are shown for all subjects as a function of age for the first measurement.
In Table 3 , linear regression slopes and confidence intervals are shown for both groups. For the control group, a significant decrease of WM fraction and brain Fully automatic measurements of the WMV, GMV, CSFV, NV, BPV, and ICV volumes of the control group and parenchymal fraction and a significant increase of CSF fraction with age were observed. No significant correlation with age was found for the MS group. After age correction, the patients with MS showed a significant decrease of brain parenchymal fraction and of WM fraction. Between measurements 1 and 2, the regression values were very similar and no significant difference was observed for any slope for either group. In Fig 3 , Bland-Altman plots are shown for WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction for all subjects, in which the mean tissue fraction was plotted against the difference in tissue fraction between measurements 1 and 2. The 2 times SD areas are indicated by the dotted lines for both groups, on the left for the controls, and on the right for the MS group. For WM fraction and GM fraction, the SD of the patient group is much larger than that for the control group; for CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction, it was similar.
DISCUSSION
In this work, a recently developed method of combining quantitative MR imaging with fully automatic tissue classification, synthetic tissue-mapping, was used to investigate brain-tissue volumes of patients with MS pre-and post-contrast agent administration. This method is both fast and objective because brain segmentation can be obtained in a total time of 10 minutes (acquisition plus postprocessing) and without user interaction for tissue classification.
In a clinical and research context, accurate measurement of the ICV is important because it is used to normalize brain-tissue volumes to reduce the effect of differences in subject head size. 31 The repeatability of the ICV segmentation was estimated by using the 2 measurements of the control group. The software reproduced values for the repeated measurements with a nonsignificant difference of 2 mL, which corresponds to only 0.14% of the ICV. The intrasubject SD in this cohort was 0.50%, which was somewhat lower than the 0.83%, found in a previous assessment by Ambarki et al. 24 The administration of Gd, however, had a significant effect on the measurement of the ICV; after contrast agent administration, the ICV was 13 mL smaller. Visual inspection did not result in locating a specific area where differences in ICV were pronounced, and ICV was measured slightly smaller on every slice. Our interpretation of these observations is that the slight reduction in the T1 relaxation of brain tissue due to the presence of Gd contrast agent in the capillary network resulted in a slight decrease of the measured PD, though PD should be invariant to T1. A lower PD will consequently shift the ICV border somewhat because the border was defined in the software at PD ϭ 50%. A reduction of the ICV with a mean of 13 mL, however, is relatively small. If one considers a 1387-mL skull as a spheric object, the volume loss would correspond to a radial decrease of 0.2 mm. Such a reduction is well below the resolution of our acquisitions. The BPV was identical for both measurements and for both groups. The reduction of the ICV, observed post-Gd in patients with MS, resulted in a reduction of the observed CSFV. This means that the ratio between BPV and ICV, the brain parenchymal fraction, changed, as shown in Table 2 , with a significant increase of 1.0% in a paired test. The brain parenchymal fraction is considered a valid measure for brain atrophy, 32 and the effect of the presence of Gd is therefore important for follow-up. The apparent increase of brain parenchymal fraction of 1.0% was smaller than the observed variation of brain parenchymal fraction within the MS group (4.2%). Furthermore, it was much smaller than the difference between the MS group and the controls (6.9% for measurement 1 and 6.0% for measurement 2). Linear regression (Table 3) showed that the difference pre-and post-Gd appears to be Note:-Contr indicates control group; MS, MS patient group; 1, measurement 1; 2, measurement 2; WMF, WM fraction; GMF, GM fraction; CSFF, CSF fraction; NF, remaining, unclassified non-WM/GM/CSF tissue fraction; BPF, brain parenchymal fraction. a The 95% confidence interval is given between parentheses. For the MS group, the linear regression of the age-corrected fractions with EDSS is provided. b P Ͻ .05 (significant difference). c P Ͻ .005 (significant difference).
FIG 3.
Bland-Altman plots for WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction of all subjects with the mean tissue fraction against the difference in tissue fraction between measurements 1 and 2. The dotted lines indicate the mean difference Ϯ 2 SDs, on the left for the controls and on the right for the MS group. The scaling on both axes is identical; the colors are identical to those in Fig 2. an offset, which was similar for all subjects; the measured slopes as a function of age and EDSS were very similar for both measurements. The results of this study suggest that a common practice, comparing images of patients with MS acquired post-Gd with those of healthy controls without Gd should still be considered a valid approach, despite the effects of Gd on the tissue-classification volumes. Further investigation is required to confirm this for patients with MS at earlier stages of the disease and patients with MS with enhancing lesions. The results for brain parenchymal fraction in this work were very close to the values of Vågberg et al, 25 who reported a brain parenchymal fraction of 85.2% for the MS group on the basis of analysis using the same software. These patients had a median EDSS ϭ 2.5, which was acquired post-Gd. In this work, the mean (post-Gd) brain parenchymal fraction was 82.9% for patients, who had a higher median EDSS ϭ 3.5. For the control group, it was 89.0% (no Gd), compared with our 88.8%. The coefficients of variation of repeated BPF measurements were comparable.
The measured values for brain parenchymal fraction for the control group were higher than those in a large study by DeCarli et al, 33 in which a mean brain parenchymal fraction of 78% was found (mean subject age, 62 years). Differences in absolute brain parenchymal fraction values may have various causes: DeCarli et al, for example, used another definition of the ICV, in which the cerebellum was excluded. Furthermore, CSF was manually segmented in a binary fashion by using an image-intensity threshold.
Because any method has a cascade of segmentation process details, they easily lead to differences in the final results. As shown in our work, the absence or presence of Gd contributes to these differences. It is, therefore, clinically more relevant to focus on the change of tissue classification values with time or over disease severity. As shown in Table 3 , there was no significant difference in the correlation of the volume fractions with age and EDSS. In the study of DeCarli et al, a decrease of brain parenchymal fraction of 0.26% per year was reported, an observation that was within the 95% confidence interval of our measurements. The lower rate of 0.17% that was found could partly be explained by the fact that our subjects were on average 14 years younger. Gd contrast agent is expected to decrease the T1 relaxation in brain tissue. Even though no enhancing lesions were observed for the included patients with MS, a nonzero Gd concentration must have been present in the capillary network. Because of this shift toward shorter T1 relaxation times, the segmentation results may show an apparent increase of the brain tissue with the shortest T1 relaxation time (ie, white matter). As seen in Tables 1 and 2 , there was a trend that WM increased somewhat, at the expense of GM post-Gd, but this effect was not significant. The Gd concentration in nonlesional normal-appearing brain tissue must, therefore, be relatively low.
Within the ICV, some tissue was not recognized as either WMV, GMV, or CSFV, and was labeled NV. The advantage of the presence of a fourth class for the remaining, unclassified tissue fraction is that it avoids forcing tissue into the WMV, GMV, or CSFV classes. Therefore, it reduces the effect of the presence of white matter lesions, which can be a problem for automatic braintissue-classification algorithms. 34 As is shown in Fig 1, white mat- ter lesions mainly show up in NV; therefore, it could serve as a basis for MS lesion-load estimation. An offset of the NV, corresponding to 28 -31 mL (2.0%-2.2% of the ICV), was observed in healthy subjects, mainly consisting of blood vessels and small rims at the intracranial edge. For the MS group, the NV was significantly higher, at 52 mL pre-Gd and 60 mL post-Gd (3.8% and 4.4% of the ICV, respectively), suggesting that 24 -29 mL might be assigned to MS lesion volume. Although these higher values suggests that the NV might be useful for MS lesion-load measurements, currently, extensive manual correction will be required, both to reduce false-positives of nonlesional areas and to correct false-negatives when MS lesions are recognized as partial volume GM or CSF instead. The effect of Gd was significant, apparently increasing the potential MS volume to 8 mL post-Gd, a 15% increase in comparison with the pre-Gd volume. Further investigation on, for example, the reproducibility and the influence of the rather thick sections (4 mm) is required to confirm this finding. It could be speculated that the introduction of a fifth class, blood vessels, could improve the specificity of the NV to segment MS lesions. Blood vessels typically have very low PD values because synthetic tissue-mapping uses a blackblood acquisition sequence. A limitation of the study was the low number of included subjects and the combination of subjects diagnosed with relapsing-remitting MS and secondary-progressive MS in the group of patients with MS. The effects of Gd may, therefore, be different for the different MS groups. Furthermore, only single-dose Gd and a fixed time after administration were investigated. Although these 2 variables were carefully controlled, the absolute Gd concentration may still have varied over the patients due to, for example, weight, blood volume, and perfusion rate. As seen in Fig 3, the variation in segmentation results increased significantly for WM and GM, which may be a sign of different Gd concentrations. Administration of double-dose Gd, or choosing another delay time after administration of Gd, may further affect the automatic tissue classification. The results of the synthetic tissue-mapping method, however, are congruent with the results of other, larger studies on controls and patients with MS. A limitation for the repeated measurements was the lack of measurements for controls with Gd and patients with MS without Gd, which was beyond the scope of our ethical permission. Therefore, the observed effect of changes in the automatic segmentation after Gd administration may be specific for our groups. Especially, the effect of minor Gd leakage on the MS lesions can be of influence because the measured NV did increase to 8 mL post-Gd. It is more likely, however, that the increase of NV occurred simultaneously with a decrease of the sum of WMV and GMV (observed 12-17 ϭ Ϫ5 mL) and therefore did not have an influence on BPV. The effects on automatic tissue classification of other patient populations, other Gd concentrations, and acquisitions on other scanner brands are subject to future investigations of the method.
A potential limitation could be the relatively low resolution of the method, which could decrease the variation between measurements. The method, however, is relatively insensitive to resolution, owing to the incorporation of a partial volume model, and it has been shown that the volume measurements are similar by using a variety of resolutions. 16 It is, therefore, not expected that the application of a higher spatial resolution would alter the differences pre-and post-Gd. The effect of choosing different geometries was not investigated.
CONCLUSIONS
The synthetic tissue-mapping method provides automatic measurements of WMV, GMV, CSFV, NV, BPV, and ICV, with a high degree of repeatability within a short time. The administration of Gd contrast agent in patients with MS had a significant effect on the tissue-classification results, and changes were observed for CSFV, NV, and ICV. For brain-tissue fractions, normalized with the ICV, changes were observed in CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain parenchymal fraction. The observed changes in this study, however, were much smaller than the differences between the group of patients with MS and healthy controls. There were no significant differences between the correlations with age and EDSS pre-and post-Gd.
